Non-porous reversed phase (NPRP) high-performance liquid chromatography (HPLC) has been used as a rapid method to separate proteins from whole cell lysates of human erythroleukemia (HEL) cells. Using phosphate-buffered saline (PBS) as a lysis buffer to extract proteins from HEL cells, more than 100 proteins of molecular weight up to 30 kDa were separated by the NPRP HPLC method, using a programmed acetonitrile:H 2 O gradient. The separated proteins were collected as liquid fractions as they eluted, and were further separated on the NPRP column with a different gradient to separate coeluting peaks. The isolated protein fractions were analyzed by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) to determine the molecular weight of the protein. The proteins were cleaved by chemical or enzymatic digestion to produce peptide maps, which were analyzed by pulsed delayed extraction MALDI-MS. The peptide maps were matched against a database search to determine the protein identity. In some cases, several enzymes were used in order to find exactly one match against the database. This methodology is demonstrated for several proteins isolated from HEL cells and identified via database matching.
1
Moreover, methodology will be needed that can profile the total protein composition of a cell and detect even minor alterations or modifications in protein structure that might result in changes in the function of that protein in the cell. Such protein profiling methods should provide protein analysis where the identification of target proteins and their modified versions can be rapidly achieved. Further, such profiling must be able to provide information on many proteins so that changes in cell mechanisms that involve changes in several proteins in terms of expression and structure can be monitored simultaneously.
The primary method used to study changes in cellular protein expression has been 2-D polyacrylamide gel electrophoresis (2-D PAGE). [2] [3] [4] [5] [6] This method can separate over a thousand protein spots, and the spot pattern is characteristic of each cell type. The 2-D gel spot pattern provides a reference in which a change in the pattern is indicative of abnormal changes in a cell or tissue due to disease or mutation. The pattern is also indicative of normal changes such as aging, stress, etc. The 2-D gel method, however, provides a separation of the cell components and an approximate molecular weight; exact protein identification must still be provided by either Edman sequencing or molecular weight measurements provided by mass spectrometry. In recent research, various membrane-blotting methods [7] [8] [9] [10] and in-gel digestion methods [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] have been combined with mass spectral analysis to provide peptide maps of gel protein spots for identification. Nevertheless, alternative methods of cellular protein analysis are desirable because the 2-D gel method is labor intensive, slow and not readily automated. Moreover, the loadability of sample onto the gel is limited, which means that proteins expressed at low levels may be difficult to detect and analyze.
As an alternative to 2-D gel separation, we have developed a non-porous reversed phase (NPRP) HPLC method for rapid separation of proteins from whole cell lysates. [22] [23] [24] The use of NPRP HPLC allows a means of separating and isolating proteins in the liquid phase. This method provides high efficiency recovery of proteins available in cells in low amounts such that further analysis is possible. The method circumvents an inherent problem of analyzing proteins that become embedded in polyacrylamide gels. In addition, the relatively high loadability of RP-HPLC methods should, in principle, provide a substantial amount of material for further analysis by mass spectrometry methods. Also, the use of liquid separations and fraction collection should allow future development of these methods towards automation.
The use of NPRP HPLC for separation of whole cell lysates is a key issue in this work. In previous research, a traditional porous RP C-18 column was used to separate proteins from whole lysates of bacterial cells 25, 26 and from human lymphocyte nuclei 27 for detection and fingerprinting by MALDI-MS. The use of non-porous, C-18 coated, silicabased packing materials, however, has been shown to provide distinct advantages in the separation of proteins compared to conventional porous materials. The separation of complex protein mixtures in cells can be accomplished in one third of the time required for porous packed column separations with much enhanced protein recovery and resolution. The use of nonporous packing prevents proteins from sticking to the inside of the pores of porous materials, thus allowing a much greater speed of the separation, a decrease in chemical noise background and enhanced protein recovery. 24 In this research, we demonstrate the rapid separation of proteins from whole cell lysates of human erythroleukemia (HEL) cells, using NPRP HPLC. It is demonstrated that, using a phosphate-buffered saline (PBS) as a lysis buffer to extract proteins from HEL cells, more than 100 proteins of molecular weight up to 30 kDa could be separated by gradient NPRP HPLC and collected in the liquid phase. In addition, the rapid separation and efficient recovery of proteins using the NP phase allows for a rapid second separation by the NP column with a modified gradient to separate coeluting peaks so that isolated protein fractions are obtained. It will be shown that the isolated proteins can be digested by CNBr or trypsin to produce peptide maps that can be analyzed by pulsed delayed extraction (PDE) MALDI-MS. [28] [29] [30] [31] [32] [33] The peptide maps can be matched against a database search to determine the protein identity. This methodology is demonstrated for several proteins isolated from HEL cells and identified via database matching.
EXPERIMENTAL SECTION

Cell cultures
The human erythroleukemia (HEL) cell line was obtained from the Department of Pediatrics and Surgery, the University of Michigan. HEL cells were cultured (7% CO 2 , 37°C) in RPMI-1640 medium (Gibco) containing 4 mM glutamine, 2 mM pyruvate, 10% fetal bovine serum (Gibco) and 250 mg hygromycin (Sigma).
Cell lysates
Approximately 5 Â 10 7 cells were centrifuged at 700 rpm for 5 min at room temperature, and the supernatant discarded. The cell pellet was subsequently washed three times with cold PBS (Gibco). This process involved vortexing the sample for a few seconds, centrifuging the samples and discarding the supernatant. After the final removal of supernatant, the cells, in a small volume of residual PBS, were sonicated in an ice bath for 10 to 20 seconds. PBS (1 mL) was the buffer for the lysed cells. The mixture was centrifuged at maximum speed, and the supernatant collected. The supernatant was centrifuged again to eliminate any remaining particles. The cell lysates collected were either directly used for analysis or stored at À80°C.
NPRP HPLC of HEL cell proteins
A Beckman (Fullerton, CA, USA) System Gold HPLC was used for this research. It has a programmable solvent delivery module with a dual-pump (Model 127). This module includes a System Control Center display and keypad, which permits direct control of the pump and external modules. The detector was a programmable detector module (Model 166) with a deuterium lamp. The column was purchased from MICRA (Northbrook, IL, USA). It contained non-porous C18 packing material with a 1.5 mm particle diameter. The dimension of the column was 4.6 Â 33 mm, the widebore column was used to collect an adequate amount of material, and the short column allowed for rapid separations in minutes.
The buffers are buffer A: 0.1% TFA (Sigma), H 2 O (MQ), and buffer B: 0.1% TFA, acetonitrile (HPLC grade, SigmaAldrich). About 70 mL of the HEL cell lysate was injected into the injection valve, containing a 100 mL sample loop, and introduced into the HPLC system. The separation of proteins from the HEL cell lysate used the following conditions: buffer B ranged from 0% to 20% for 2 min, 20% to 30% for 5 min, 30% to 40% for 10 min, 40% to 50% for 5 min, 50% to 80% for 4 min, 80% to 100% for 2 min, and 100% to 0% for 1 min. The flow rate for all HPLC experiments was 1 mL/min. The column temperature was controlled at 60°C by a column heater (Timberline), and the detection wavelength was 214 nm. Selected peaks from the separation were collected, and were further separated on the NPRP column by adjusting the gradient of buffer B in order to achieve improved separation. The second step separated proteins that could not be separated in the first step.
MALDI-TOFMS analysis
The TOFMS employed in these studies was a modified Wiley-McLaren design with a field-free drift length of 1 m. 34 The TOF was capable of high voltage acceleration up to AE20 kV (R. M. Jordan Co., Grass Valley, CA, USA). The laser source used to produce MALDI was a DCR 11 Nd:YAG laser system (Spectraphysics, San Jose, CA, USA). The laser beam was focused onto the probe tip at a 45°angle to the probe surface with a single 12.5 in. f.l. quartz lens to a spot size of $0.2 mm Â 0.5 mm. The resulting power density at this spot was estimated to be $5 Â 10 6 to 1 Â 10 7 W/cm 2 at 355 nm radiation. The detector was an 18 mm triple microchannel plate (MCP) detector (R. M. Jordan Co.), which adapted a CuBe conversion dynode with post-acceleration (PA) capability up to AE12 kV in front of the MCP. The total ion acceleration across the TOF device may thus be b30 kV. The postacceleration stage enhances the efficiency for detection of heavy species, but at the expense of resolution. The voltages were similar for all experiments: repeller at 15 kV, extractor plate 12 kV, extractor plate 2 was grounded, and the PA was held at a voltage of À10 to À13 kV. The TOF flight tube was pumped to a base pressure of 2 Â 10 À7 Torr, with a Turbo-V250 pump (Varian Associates). Data were recorded with a LeCroy 9350 M digital oscilloscope (LeCroy Corp., Chestnut Ridge, NY, USA), and processed on a Gateway 586 166 MHz computer. PDE [35] [36] [37] [38] as described in previous work was used for the trypsin and CNBr digest analysis. PDE used a simple high voltage transistor switch constructed as described. 39 The switch provided a 0-3 kV voltage pulse with a 75 ns fall time.
The matrix was a saturated solution of a-cyano-4-hydroxycinnamic acid (aCHCA, Sigma-Aldrich) in acetone (Sigma-Aldrich) 1% TFA. The protein fractions collected from the NPRP HPLC separation were dried on a SpeedVac. A solution (5 mL), consisting of 50% acetonitrile 50% H 2 O (each containing 0.1% TFA), was added to dissolve the protein samples. Sample solution (1.5 mL) was loaded onto the stainless steel probe tip, followed by 2 mL of matrix solution. These solutions were mixed well and allowed to dry prior to MALDI analysis. In order to improve mass accuracy, a standard mixture of substance P (MW 1347.6), insulin (MW, 5733.5) and horse heart cytochrome C (MW 12 384) was spotted next to the sample spot on the probe.
Protein digestion and MS analysis
In order to identify the protein fractions collected from HPLC separations, chemical and enzymatic reagents were used to produce peptide maps. CNBr and trypsin were used to generate these peptide maps. In the case of CNBr digestion, 2 mL of 0.15 M CNBr in 70% formic acid was added to the protein samples, which contain 8 mL of 50% acetonitrile and 0.1% TFA. The samples were incubated overnight at 37°C. After digestion was complete, 2 mL of the solution was applied directly to the probe tip, followed by 2.5 mL of CHCA matrix solution; the matrix was air dried. In the case of tryptic digestion, 20 mL of 50 mM ammonium bicarbonate was added to each dried protein sample, followed by 2 mL of 0.1 mg/mL trypsin in 1 mM HCl.
The sample was incubated for about 20 hours at 37°C. After the digestion was complete, the sample was dried by SpeedVac to eliminate the ammonium bicarbonate. About 5 mL of 50% acetonitrile (0.1% TFA) was used to dissolve the protein digest sample. The sample was analyzed by MALDI-MS analysis.
Database search for protein identification
The peptide maps obtained by digestion for each protein were searched directly by using the MS-Fit sequence database search tool in the Protein Prospector program, which was designed at UCSF. The program is available on the Internet (http://prospector.ucsf.edu). In order to narrow the search range, protein species, molecular weight range and pI are usually required as input into the database. In our case, the unknown proteins were obtained from HPLC separation. No pI information was available. Because the proteins were from a HEL cell extract, Homo Sapiens was chosen as the species. The molecular weight of each protein was determined by MALDI analysis. In the database analysis, a relatively wide MW range of up to 500 Da was chosen so that the protein was not eliminated from the search due to a shift of the MW from its theoretical value by post-translational modifications or other differences in sequence. The tolerance for the search of peptides against the database was set at 50 Da.
In the case of the peptide search, the CNBr digest usually generates a few large peptide fragments. The result is that fewer matches are found during the database search compared with those from a trypsin digest. Some searches found exactly one match for the protein CNBr digestion. For those searches in which more than one match were found, the identity of the proteins could be obtained by finding the common match of both CNBr and tryptic digest database searches. If still more than one match was obtained, then additional proteases could be used to find a single common match.
RESULTS AND DISCUSSION
A separation of a HEL cell lysate by NPRP HPLC is shown in Fig. 1 . In order to achieve a rapid, efficient separation of the cell extract, a short column, 4.6 Â 33 mm, packed with 1.5 mm nonporous C18 was used. The nonporous columns have the advantage of eliminating nonspecific adsorption and have been found to be most suitable for the rapid separation of large biomolecules, such as proteins. A column heater provided an elevated temperature of 60°C in order to enhance the speed and quality of the separation. Under the conditions used in this work, the separation of proteins of up to 30 kDa from the HEL cell lysate was achieved in less than 30 minutes. In this research a PBS extraction buffer provided improved results as compared to strong reagents for extracting proteins from the cells such as 6 M urea or 8 M guanidium HCl, which are often recommended for this purpose. Using the PBS extraction method and the gradient NPRP HPLC method outlined herein, over 100 UV detected proteins could be separated by the HPLC method. Proteins of up to $30 kDa were separated and detected using this procedure. Each peak shown in Fig. 1 could be collected and analyzed by MALDI-MS. Many of the peaks in Fig. 1 may contain more than one major protein, as determined by MALDI-MS. In order to isolate individual proteins, a second separation of selected peaks in Fig. 1 could be performed, using a lower percentage of organic modifier per minute gradient to separate the protein components. A second separation of several peaks from Fig. 1 with collection of the major protein in each fraction is shown in Fig. 2 . The isolated protein fractions collected were analyzed by MALDI-MS. The MALDI mass spectra of the three isolated proteins collected in Fig. 2(a) -(c) are shown in Fig. 3 (a) -(c), respectively. The three proteins shown range in size from $5 kDa to 27.5 kDa. Several peaks are observed in each spectrum due to the presence of multiply charged species and also protein dimers, which often result from the use of the a-CHCA matrix. Nevertheless, it appears that only one protein is observed in each fraction and that its molecular weight can be readily determined by MALDI-MS.
In order to identify selected proteins, peptide maps were generated by chemical or enzymatic degradation. The protein digests were analyzed by PDE MALDI-MS (Fig.  4(a) and (b) for a CNBr and tryptic digest of two different proteins. A database search for the results of CNBr and trypsin digestion was performed, using the NCBInr database, for the five proteins separated from the cell lysates, using NPRP HPLC as shown in Fig. 1 . Each protein fraction was digested by CNBr and trypsin in order to find only one match from the database that corresponded to that protein. The protein identification determined for each protein is shown in Table 1 , which lists the observed and theoretical MW's. A summary of the digestion data obtained for each protein with the measured and observed molecular weights and the corresponding amino acid sequence from the database is shown in Table 2 . It should be noted that the database program not only provides the intact protein sequence, but also the peptide sequence with modifications such as an oxidized methionine. In Table 2 , some of the peptide matches were determined, using these modified proteins, which often provided a better match than the unmodified counterparts.
CONCLUSION
In conclusion, NPRP HPLC has been demonstrated as a means of rapidly separating proteins from whole cell lysates of mammalian cells for collection and analysis of proteins collected in the liquid phase. In this research, HEL cell lines were lysed by a PBS buffer, and over a 100 proteins could be separated by a single NPRP HPLC separation. Proteins up to 30 kDa could be detected. The protein fractions collected could be separated further with a modified gradient in the second separation, using the same C18 NPRP column. The isolated proteins collected from the second separation could be analyzed by MALDI-MS in order to determine the molecular weight. The proteins were digested by CNBr or trypsin to produce peptide maps that could be analyzed by PDE MALDI-MS, and the map compared to the NCBInr database to identify the protein. This method has been shown to be a rapid method of separating and identifying proteins in whole cell lysates in the liquid phase without the use of gel electrophoresis separations. ERDEC under contract #DAAD05-98-P-0796, and by the National Institutes of Health under Grant R01GM49500.
